Hartree-Fock results are presented for the transition probabilities and excited-state lifetimes in the term system of the boron atom. Particularly, the interaction between the 1s 2s2p configuration and the 18 28 n8 8 and 18 2s nd D Rydberg series is considered.
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. • You may not further distribute the material or use it for any profit-making activity or commercial gain • You may freely distribute the URL identifying the publication in the public portal Take down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim.
I. INTRODUCTION
It is desirable to perform O,b initio atomic-structure calculations in a systematic way. For variational calculations this can be done with the active-space method [1, 2] so that the convergence of individual properties of the atom can be studied as the active space is being built up.
Systematic calculations using the multicon6guration Hartree-Fock (MCHF) method have in many cases been performed for the study of hyperfine structures [3 -9] , but only few systematic active-space calculations exist for lifetimes [8, 10] . Also, these calculations have only been performed for ground states or other states lowest of their symmetry. Here, the applicability of active-space MCHF for the study of lifetimes of states in Rydberg series is demonstrated.
The boron atom, with the ground state 1s 2s 2p Pzy2, has an energy level structure similar to that of a oneelectron system, formed by the excitation of the 2p electron. In addition to this, bound states are also formed by exciting one of the 2s electrons to a 2p orbital. The lowest term thus formed is ls 2s2p P, which is of little importance to the doublet states studied here. Also, three doublet terms are formed: D which lies below ls 2s 3d D, P which lies above the ionization limit, and 2S which lies between 1s 2s 6s S and ls 2s27s 2S. Since ls 2s2p P and 1s 2s np P have opposite parity these do not interact. 1s 2s2p 8 and 1s 2s2p D, however, interact with the Rydberg series of the same symmetry. Particularly 1s 2s2p 8, which lies in the middle of the S series, can be expected to have a strong influence, something which is evident already kom the irregular energies of the ls 2s ns S states close to ls 2s2p S. Several of the previous theoretical studies of transition probabilities in the boron atom do not include the interaction between the 2s nl and 2s2p configurations and must therefore be disregarded. Most of the remaining calculations were performed using difFerent multicon6guration self-consistent-field (MCSCF) or configuration-interaction (CI) procedures with expansions in the order of 10 or 20 configuration-state functions (CSF's) [11 -17] . Only the CI calculation of [18] is considerably larger. The hyper6ne structure of the ground state has recently been determined by systematic MCHF calculations [4, 9] similar to those performed for the present lifetime study.
The lifetimes of some of the lower excited states of boron have been studied using different experimental techniques: beam-foil spectroscopy [19 -24] , the phaseshift method with electron-beam excitation [25, 26] , levelcrossing spectroscopy [27] , and laser-induced fiuorescence [17, 28, 29] .
II. METHOD OF CALCULATION
The wave functions were generated with the MCHF atomic-structure package of Froese Fischer [30] .
A complete active space is not used, for two reasons. First, with 6ve electrons, the wave function expansion would grow unmanageably large. Secondly, the existing programs for calculating transition moments [31, 32] can only handle a limited degree of the nonorthogonality that arises from optimizing the orbitals of the different states separately.
It has been suggested how this limitation could be overcome, using a biorthogonal transformation [33] and a new transition program is now being developed [34] . The restriction that is made in this study is that the 1s shell is kept closed and the ls orbital, obtained &om a Hartree-Fock calculation for the ls 2s S state of 8 II, is not varied during the optimization.
Calculations have been performed for the ls 2s ns S, n = 3 to 6, ls22s np P, n = 2 to 6, ls22s nd D, n = 3 to 5, laz2az4f F, and laz2s2pz zD states. For each term calculations were performed with an increasing active set of orbitals, the smallest calculation in each case a Hartree-Fock calculation, the largest one in each case with the active set 7a6p5d4f3g which means seven s orbitals, six p orbitals, etc. Starting with the Hartree-Fock calculation, orbitals were added to the active set Active set 3s2pldl f. one of each symmetry at a time, in the same way as orbitals appear in the shells in an atom. In each calculation all CSF's possible to form using the orbitals in the active set outside the ls2 core and which have the correct parity and IS term were included. The lists of con6gurations were generated using the generation program of the MCHF package [35] . These CSF's are called the active space. In each calculation all orbitals except ls were optimized. The active set was increased until a satisfactory convergence of the energy and transition-matrix elements was obtained. The largest active space, for the 4f zIi states, consisted of 4538 CSF's. This type of calculation has previously been performed for states lowest of their symmetry. In such cases, the wave function is optimized for the lowest eigenvalue. For higher-lying states the eigenfunction must be orthogonal to all eigenfunctions belonging to lower states. In this study CSF's representing lower states were included in the expansions and by diagonalizing the interaction matrix the eigenvalue on which to optimize could be de- termined. For example, in the expansion of the 2s Sd D state, the second of its symmetry, the CSF representing the lowest state 2s2p D was also included. After the diagonalization of the interaction matrix the orbitals were optimized on the second eigenvalue.
For the next state above those included in the study, 2s2p 8, the attempted calculations were unstable when all orbitals were varied in the self-consistent-field procedure. states. For the S series the difFerence approaches a constant for the higher members, whereas for the 2D series, the difference appears to be approaching zero. That it is the transition involving the 2s2p D states for which the velocity value differs the most &om the length value is probably due to the single 28 electron of this con6guration. This electron can be expected to cause a much stronger polarization of the 18 shell than any other single electron with higher n or t quantum numbers. This may also be the reason why the calculated energy of this term is too high compared with that of any other term, as can be seen in Table III , where the 6nal values for the ionization energies can be compared with the experimental values. Table IV gives the Gnal values for all electric dipole transition probabilities between the investigated states, calculated using either the length or velocity form of the electric dipole operator and using the calculated transition energies. The values of the length and velocity forms typically agree to within a few percent. The exception to this are the transitions with very small transition probabilities, for which the difference tends to be larger, and also most of the transitions involving the 2s2p D states. The velocity form, which depends more than the length form on the wave function close to the nucleus, may have been more affected by the closed Is shell. The length form is therefore the more trusted one. To some extent the difference between the length and 1.016 [8] 1.025 [8] 5.478 [7] 5.513 [7] ].s~2s~3p~P 1.7ss [7] 1.747 [7] 1.640 [7] 1.651 [7] 5.455 [6] 5.501 [6] 2.518 [6] 2.524 [6] 2.900 [2] 4.944 [2] 1.262 [7] 1.265[?] 1.917 [2] 3.742 [2] 2.144 [5] 2.231 [5] ls 2s 4p P 2.066 [5] 2.135 [5] 2.651 [6] 2.666 [6] 3.722 [6] 3.740 [6] 1.197 [6] 1.198 [6] 7.728[1] 6.165 [2] 1.708 [6] 1.718 [6] 2.444 [6] 2.458 [6] 8.757 [4] 9.17S [4] ls 2s 5p P 1.598 [2] S.675 [2] 1.574 [5] 1.596 [5] 7.164 [5] 7.176 [5] 1.112 [6] 1.107 [6] 1.501 [4] 1.8S3 [4] 5.603 [5] 5.672 [5] 7.730 [5] 7.763 [5] 7.O31 [5] 7.O76 [5] ls 2s 6p P 7.328 [3] 6.363 [3] 2.920 [4] 2.984 [4] 8.155 [4] 8.196 [4] 2.766 [5] 2.783 [5] 2.024 [4] 2.329 [4] 2.923 [5] 2.971 [5] 2.782 [5] 2.796 [5] 3.346 [5] 3.365 [ 
III. RESULTS AND DISCUSSION
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Ref. [25] , phase shift Ref. [19] , beam foil Ref. [20] , beam foil Ref. [21] , beam foil Ref. [23] , beam foil Ref. [24] , beam foil Ref. [27] , level crossing Ref. [ the beam-foil technique and these were all done before the necessity of a careful cascade analysis was fully understood. The same problem, repopulation from higher states due to the nonselective excitation, appears using electron-beam excitation. Three of the experiments have been performed using pulsed laser excitation, two of them for 2P states. Unfortunately these two studies give lifetime values for the 4p2P states which diQer by a factor of 1.65. In one of these experiments [17] two states were studied and for both the result agrees very well with that of the present calculation. In the second experiment [29] only one lifetime was measured. This experiment was performed at TABLE VIII. 2s2p admixture to the S and D states. high pressure in a cell and the lifetime value was extrapolated after having performed the experiment at diferent pressures. This was a more complicated procedure than the one used in [17] and, it seems, one which did not work.
The most extensive experimental study of the boron lifetimes is one of the five lowest even parity doublet terms using pulsed laser excitation [28] . For four of these five terms our calculated lifetimes are well within the 5% error bars of the experiment, the only term for which it is not is 2s2p D. As discussed above, the discrepancy for this particular term could be explained by the neglected polarization of the 18 shell.
Finally, one of the measurements of the 18 282p D states [27] was performed using level-crossing spectroscopy. What has not been included in this study is the polarization of the 18 shell and the core-core correlation. This is expected to acct the transition energies more than the transition-matrix elements, as has been seen in a similar system in C111 [36] . Since the calculated transition energies are correct typically to within 1% the neglected effects of the 1s shell should, for most of the states, be small, at least for the length form operator.
ries. This has been done for boron, an atom in which two of the Rydberg series exhibit a strong configuration interaction due to the near degeneracy with states formed by excitation from an inner subshell.
The accuracy of the calculated transition probabilities is difficult to estimate. The convergence procedure, the accuracy of the transition energies, and the agreement between the length and velocity forms of the electric dipole operator indicate that the length form values may be accurate to within a few percent. Comparison with the most reliable experimental lifetime values [17, 27, 28] seems to indicate that the calculated values are at least accurate to within 5'%%uo or 10'%%uo, that is, as accurate as the experiments.
